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INTRODUCT15::

During the la~t fe~- ycilr~ u lnrg~” amnunt of pfon-ni, II,IIW

(n-A) Inr]astlt! scattering dat~ has btwn ohtalnild WILII l}l~t,-!ll]x,

high-resolution facilities such afi tht’ SL’SI spcrtromi’Lor nL Sl”i

and thv EPICS epectromrtcr at LAMPt’. Thu rnrly sludl{’~ for tl,,

MORt part concentrnt~d on s Lrong tranfiltlmn~ LII Inw-lyln}:

collective atatee. Th(~~l~ atudirfi havr b~lun rrv[ru~”il in pilrL II:

Ref. 1 . One unantlclpnt~d featurr of w-A inrlnstlc H~iitti*rll~):
that has bccomc cvidrnt iIR the scope of studlvs h;ls Inrrtlnkl,d [+

thti strong excitation of hlRh-6pin strvtchcd at;ltrs fn IIE},l
nuclef. By strctrhcd atiitcH wc Mcilll th[)nw wIIOS(I Lr)Ln] iIIl~:IIl,II

momentum in thr ❑aximum achlrvablr In a Inul piirtlrlr-hol(.

●xcltatinn. Trannltlnnn to ¤tr~trh~d ~Lntrs hnvf~ IIOW h~,(,ll

obsrrvrd in nlmnnt nll p-ohrl] nuclrl that hnv(’ br~’n fitudiod, ;1!.

well a~ in 2MS1.2-H

~(k,kc) - a(k)12con((l) + 1 &“fiMIIl(0)] (i)
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vhere a(k) contains the energy dependence of the elementary w-N
force, 8 is the center-of-mass scattering angle, 8 is the nucleon
spin operator, and fl is the normal to the scattering plane. Only
the second term, which is proportional to the II-N spin-orbit
operator, can induce a spin transfer. Petrovich and Love10 have
extracted the strength of the central and Bpin-orbit parts of the
t-N interaction ut4ing rhe impulse approximation (1A) and the m-N
phase shifts. Their results at 180 IleV, shown in Fig. 3 of Ref.

10, confinm the conclusiolw one would draw from the simple P3
result (eq. 1), namely that et nmall momentum transfers (q C 1. 3
fr”-l) the central strength, t=, is considerably larger than the

spin-orbit strength, tLS. At about q = 1.4 fro-l (6 = 70°) the two
strengths become comparable. The relative strengths of the
central and spin-orbit interactions arc the same for both isospin
channels. The factor of two enhancement of the isoscalar over tllc
isovector ~-matrix that results from the isospin properties of thu

[3,3] resonance is also contained in the results of Petro\’ich and
bve. It is this factor that gives pion inelastic scattering its
unique sensitivity to the relative contributions of protons and
neutrona to inelastic transitions.

EXCITATION FUNCTION MEASL!REMESTS

l~c(.n,n’).— .
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Fig. 2: Gmscilnt q vxritatilm functlnns for (r, n’ ) t. ● . 1:~.s iv

depcndencee of the plnn-nurlcnn scattering amp] ltudr. Thv:.r-------
●ngulnr depend~ncrs result fn an enrr~y dcpendvncv for c[ms~ant q

~callfir the ocatterlng anglr mlltit hv adjutited ac n funrtlnn uf
energy to kern the ❑ omentum trannfvr constnnt. Th;fi rw~ults in

AS=I tranmltlons decrea~ing wltll Increasln en~rgy nincr only
tllr S form factor with Itn accompanylnu f6fn O dep~ntfrnco C*1}

contrfhutw to unnaturnl-pariry @xrItaLlonm. It al~ould br notvd
thnt while In gmcral Fe rm I mot inn cnrrectlonn cnn allow t hi
central parL of the plon-nutlron interaction to :ontrlbutc to
unnatural-parity trannitfonfi thry ~-a-nnot cnntrlbute to. t hu. . .
exritetlon of stretched conflRurntlonn.

●
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The solid lines in Fig. 2 are the simple cos2e and sin2t3
predictions of Siciliano and Walker. The 4- and 2- data are well
represented by the ein20 energy dependence. The cos2e curves
reproduce qualitatively the energy dependence of the
natural-parity transitions. The discrepancies are due to the
non-constant nature of I’(E) which will be discussed in core detail
in the next section.

Application to Transitions in 13C—— .—

In an odd mass nucleus more than one total angular momentum
trangfer IS generally allowed and hence there are few pure
unnatural-parity transitions. The ❑ain exceptions are transitions
to stretched states where a spin transfer is required to reach the

total angular ❑omentum transfer necessary. Onc such stato is tllu
9.5 FfeV 9/2+ state in 13C. The shapes of the (H,w’) angular
distributions for this state are characteristic of the A.] = L,
AL m 3, AS.1 transition density amplitude.? The ratio of
ui.l-;,’u\ll’) - ]~x~ has indicated that this state is reached by a
pure neutron particle-hole excitations. The pure neutron natllr.fi
nf the transition has been explained in a simplr weak-coupling,
model aa well as in a DWIA calculation using ?lillencr-Kurat}l wave
functioils for their first predictt-d 9/2+ statc,3(sul, SCIC. 111)
The aheil-model wave functions predict ii transition dt’nsiLy Lt);lt
is pure AS = 1.

The constant-q excitation function for n- scntt(,ring [u L]lfs
state is shown in the lower part of Fig. 3 (diamonds). Tht’ cn.,r~y
dependence is similar to that of t}i( ~lrlnil:ura]-~);lrity tr;lnsiti(,:l.

in l*C and is reproduced very well by tilt, simplv s[n:i. d(,p~ndt,nr.;.
The upper deta in Fli.. q (solid clrclls) is II,r Lt],
collectively-enhanced transition tn thu 312- Stat(’ (3.OF ?l,’; )
which iB understood LO II( predominantly AS - (). Tt]~, so: id Cllr\’1

JR the COS28 prediction and LllLI dashvcl curvl’ ib cllr rl, suit 111 il
CWIA calculatfon]b usinR a c=llcctiv(, form f;,ct,,r .,n.; n,,rm.,li,.ti!
to chr data at 162 McV. Th(’ cnrrgy dvpt”nd[’ncv pr(”di~!i’d hy L~}{
DUIA is in very Rood agrcument with tht’ dat;l.

The excitation function for ~hc 9/2+ stat(’ pr{lvldo,s strikln)’
confirmation o? thr AS - I naturt) of t}1(’ Criillstt loll ils CI(’(111(’I,LI

from thr angular distrIhuLlons. The knowlrd~(’ of tll( s~i’1
transfer in a trallfiltion Is very u~uful for LesLin}: W;lvl, !untl i(,ns
as WC1l as for determining thr Hp!n find pnritb’ [If st.lLt.* In nll(lli
with spin-zero ground Stllt(’s. Tl]is Wtll(l(! IIds ht,,,l) US(,(I [1,

identify follr other M4 trantilt ions in lJC.”

This technl U(I
a

has prov(~n verv complt’mrn[ary t (1 t II,
❑e~suremcnt of 18t_I ~lertroll ~cnttering, for t W() rrncionb . . TtItI

first in that IfI(’)” (p,e’) {F tiens[tlvr o~s(~ntinllv only to \T - I

transition whcren~ pfon *rutt(,ring Cxcltvs AT - () and AT - 1
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Fig. ]: Cons LJ:r q excitation function for the 312- (circles) and
9/2+ (diamonds) states in 13C.

cransitlons in the ratio of 4/1. The second reason is thi,

ser,sitivicy of w+ and w- comparisons to the relative contributions

of neutronR and protons. l’C gives a ~ood exam plc of the ultility
of these comparisons. Thr fir~t 9/2 atatl, (9.5 %.1’) is rt”t~rh,c!

by a ~.lre neutron excitation while thr second (16.1 H.V) is
reached by a transition chat involves mostly prutons. Butl: of
tlm’sc transitions have be~’n ob6ervrd In 180” (c,c’)l}’. Tilt Cl]ir:]

N4 tr.~nslcion is excited about equally by n+ and w-, indi,”;ltin~ ;I
put-c isnspln trantifc, r. This sta:e is not srt,n in (t’,L”)
indicatin~ Chat the’ triinsition is probably pur~’ :,T = l).

E!(CITATION OF STRETCHED STATES

P-Shell NucI*I— ----- . -— -..

Str~tchrd onr-particle onc-hol~ statv* art, t}l~~(l !itiilt’s
having thr ❑axim~.m total angular ❑omentum allowud In a slrl~li,

particle-hole exritatlnn; i.e. AJ = 1P + 111 + 1, whrrt~ 1P (1 ) js
thr particle (hole) orbital anuular momrnLum and thu k“or IL:I]

●nnular momrntm trannfer ifi AL _ f + i . Uhrnever AJ equill%
dL + 1, Otatrs nrr reachrd by unnnturak-par~ty Transitions. III

tlw p-shrll , otretrhcd states arc madu from p3~7*d512

Partlrlr-holr ●xrltntions and nru thuR rc-acllwd by I’14 trano~t ions
(AI-4, aL- 3, 8s- 1). Pieamurements of angular distributions
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are aemitlve to the transferred J, L, and S, whereas excitation
function6 are 6ensitive to the spin transfer. These two together
●re very useful for locating stretched s,tates. Because of the
limited configurations that can make up stretched statea they are
ideal tests for the ●hell model. Fis. 4 shows the distribution of
?14 transitions that have been measured in p-shell nuclei using w+
and w- inelastic scattering. P14 transltiona in llB, lhN, “C, and
160 ●re shown along with those in 12C and 13C that have been

previously discussed. Preliminary results for 15N not contained
in Fig. 4 will also be presented in this section.

1
DlSTt?IBU71UU CF(W,w’)M4 STRENGTH Ih I

Im P-SHELLWCLEI
~

11/z”,T~l/z

d
w“

o “e —
w-,

12c

I 0:.~ .

ExCITATIC)NEMERGY(Mr.’}

Fig. 4: Plot of (n,?’) rro~s svrtions for MA Crallsitlons lfl tll!

p-shell.

;
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The lightest nucleus in which an H4 transition has been
observed is llB. The data of Zupransky, et al. 19 in Fig. 5 shows

spectra for n+ and n- scattering from
.—

~lB at Tn = 162 MeV and

%a
!

= 70°. The 11/2+ state at 14.04 MeV can be seen to be
exc ted ❑uch more strongly by n- than by n+) with a lower limitlg
of R(oo(m-)/o(n+)) >5. An angular distribution and excitation
function ❑easured for m- scattering indicate that this state is
reached by an M4 transition. The large n- enhancement is easily
understood because the proton d5 Zp ‘1
that can form 11/2+ states [n “4 ~~~~~EIZ-~E~~u~~Z~tI;iF;E

remaining p3/2-shell protons. such configurations cannot be
reached in a single-ste~ from the ground state. Microscopic DXIA

;;;;Ya::::: ‘::”?1
the ware function of l). Kurath for the first
B predict a large ratio CJ(n-)/a(n+) and require

6 factor of .22 is to firan overall renormalization the absolute
magnitude of the data. This renormalization factor is smaller
than that reauired with Millener-Kurath wav. iun. ::nns to fit the
data for the “13c 9/2+ state.

J

L

EXCITATION C*ERG* (w\”

Fig. f: SpeCLra for 11+ and TI- scattering from
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AE ❑entioned already, the M4 strength in 12C is concentrated
in two 4- states, which are strongly isospin ❑ixed. In 13C there
is a group at slightly higher excitation energy which shows a
eimiltir W-/n+ aaymmetry indicating that these states in 13C (which
are reached by M4 transitions} have a large parentage in
12c(4-J m V(pl/2).

The fl+ and n- angular distributions for the 9.5-MeV 9/2+
state in 13C are s50wn in Fig. 6. The solid curves are microscopic
DWIA20 calculations using the code ALLWRLn21 to generate
transition densities from the particle-hc”~ amplitudes of Lee and
Kurath with a harmonic oscillator parameter a = .632 fm- 1. The
value of a required to reproduce the shape of the data is
considerably smaller than that needed to fit22 the transverse form
factor measured in (e,e’), although it is nearly tllc same as the

~ T 1 I 1 1 1 1 ( T r 1 4

:“c(?r,w’) E,=9.50 MeV

9/2”

10-’ =

s

>
E

~ lci2 =

z
b
w

1

la 3

Ill’!

20

“W*-A

b~l,5Bfm

O,,m(deg )

I00

Fig. 6: Angular tjlsLribuLions for n+ and m- s~~tturirlg L()
9/2+ state in 13C.

9..5-M1’Y#
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value fit the 547 MeV (p,p’) data
transit;~;:i~ed %e

for this
overall renormalizc~ ion required is .4,

considerably smaller than that required to fit the transverse form
factor from (e,e’) (.7)0

Spectra for n+ and m- scattering from lhC, in L;. -h two 4-,
T = 1 states can be seen, are presented in Fig. 7 . rhe lower
energy state (11.6) MeV) is n- enhanced while the upper (17.26

Mev) is n+ enhanced. Both ratios u(n-)/u(m+) are larger than the
free fi+n (n + p) values of 9 (1/9). The~f data have been
compared with DWIA calculations24 ‘or ‘5/2p3/2 particle-hole
excitations to derive isoscalar and isovectol spectroscopic
amplitudes. The equstion that must be solved to Extract the
relative Isoscalar and isovector components from Lhe measured
ratio o(7r-)/ci(n-),

~ = U(IT+)_ (2s~ - S1)2

0( n-) (2so+ s~)~
(3)

w
+ 140, ! ‘Y’Oi’i’ ‘:’ ‘:’ w- 1

LLd *

g ,20! :

m [ I I
so ‘ii:
a

\y#
I \

40

1’

I “:

m- !’!l’”

0
0

— —’
9– 10” 15 20 Z5

EXCllm:ION ENERGY (MoV)

Fig. 7: Spcctrn for n+ and n- scattering from 1’4Cal ‘rn = 164 ML,Y.
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has two solutions. This results in an ambiguity in the final
result for S

{
and SO. This must be eliminated through a

comparison witl electron and/or proton scattering data.

The strongest M4 transition observed in lbN is co a 5- stat,
at l&.7 MeV (Fig. G, Geesaman7 et al.). The n+ and n- cross.—
sections for this transition are approximately equal , indicating
that there is no significant Isospin ❑ixing. A quenching factor
of .70 is needed to obtain agreement betuee~ the magnitude of thl,
data and DWIA calculations for the lowest 5- state predicted by D.
Kurath”). These wave functions pred~ct 51% of the 5- strength to
be in the lowest 5- with the remainder split between states nL
17.3 and 18.0 MeV. These model states have been tentatively
identified with groups seen at ]6.86 and 17.46 McV. The angular
distributions and total strengths of the~e groups indicatl. LtlaL
they ccntain additional unrtisolved statl’~ of otlll.r
multipolarities.

“Wr,w’)’4N(5-)

●r+ olr-
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Very recently m+ and W- spectra for scattering from 15N have
❑easured. Fig. 9 ehowsi a ~+

and a w- spectrum taken at
= 65° and T= = 164 t4eV. Previously identified 9/2+ states at

and 12.6 PleV are lsbeled as well as a very strong ctate at
MeV which is possibly reached by an 114 transition. The two

lowest 9i2+ State6 are Very 6trongl~ W+ enhanced, wiile the-$t~te
at 17.2 MeV is slightly W- enhanced. Shell model calculations of-.
D. J. Millen~rz> using a 11’b basis predict a very large W+/n-
ratio for the first 9/2+ State in 15N. Uhe.1 3p-4h terms are
included in the calculation, this Grate is split into two states,
which can be identified with the 10.7 and 12.6 UeV states.

The last p-shell nucleus for which uc pre%cnt data on the
excitation of stretched configurations is 16~. FiE. lo shows
angular distributions for three 4- States exciccd in (n,n’) on 16(J

.
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SPIN EXCITATIONS OF NON-STRETCHED CONFIGURATIONS

Althou@ the majority of Srpirl ●xcitations that have been
observed in pion inelastic scattering are transitions to 6trt’tched
statea, there are a few examples of AS = ] excitation of

non-stretched states. The bent studied of these have been the 1+
T-O (12.71 lleV) and T = 1 (15.11 MeV) states in 12C.
Canparieons of w+ and w- Cross sections for these states have
indicated the presence of ieospin mlxlng.2’ A consL,lnt-q
●xcitation function ❑easured for the T = O state shows the elll,rgy
dependence expected for a pure AS - 1 transition. The T = 1 S1,ILe

●xcitation function shows an unexpected bump near at 180 MeV. “1I\e
interpretation of this anomolous excitation function as due t,)
admixtures of AN-l admixtures in the 15.11-HeV atate W8VL

functlon2B will be discussed in another presentation.2y

Most of the spin excitations seen in (n,n’) have been
transitions which are required by parity or angular momt,nturn

conservation to have a nrn-zero spin transfer. A natural- iI~tirttv
transition to n 1- state (4.45 HrV) in 1“0 recently observed
(n,n’)

i ;1
eeem,s to be dominated by ,4S - 1. Thil AS ■ I i~ssignmt,nt is

hscd rrn the angulmr distribution, shown in Fig. ]2. A numh(,r [)(

.——

.\
w:

-5\,,\,-
1

.-
J

.(C,

“ p

I

-1’..
..

.

‘\,

.

I . . . . . ,. 0 . ‘

(
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DWIA and eikonal ❑odel calculations have predicted dramatically

different angular distributions for transitions to 1-, AS = O and

1-, AS m I states. The solid curve in Fig. 12, 8enerated using

the !IUIA code ARPIN30, is for a pure AL = 1, AS = 1 transition and
the dashed curve is for pure AL = 1, AS - 0. The two calculations
art completely out of phaae and only the AS = 1 calculation

reprnduceg the data. This data represe,ltai the first ●xperimental

confirmation of the different angulur distributions predicted for
AS _ () and AS = ] tran@i[ions.

A similnr effect has been seen 32 In 12C for the excitation of

●tates near 25 lleV. Spectra taken at Tn = 180 MeV and 6 ~ = 25°
for n+, n-, and the difference between them are shown in & 13,
along with a fit to the data. The large peak at 22.1 Met’ is
~robably the well-known isiovector giant dipole resonance and peaks

at 1~.3 and 19.3 WV are an isospin-mixed doublet of 2- stat~s.

The angular distributilms for the 23.7 and 25.6 M(Ii’ group~ art’
much less forward peaked than that of thr 22. I-HuV state. In
addittan, these angular dltitrihutiona rescmbli. nt’lLl14 r t 1)(’

[ I -0.04 ‘- J

1=
1 1 h i 1

12 16 20 24 28 37

Excitation Energy (MeV)
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predicted shapee for 1-, T = 1 or 2- etates.(The 18 and 19 MeV 2-
data are well described by the 2- shapea.) The experimental
angular dietributiona can be fitted with a combination of 1- and
2- calculations, but this requires a total 2- strength exceeding

the sum rule limit31. This augggests the presence of some 1-,

AS = 1 strength in this region. The Bunmned cross EJecriona for the
22.1, 23.7, and 25.6 lleV levele as well am the 18.3 and 19.3 MeV
2- ntatee can be fitted with a combination of 1- T - 1 AS = O, 1-
T.O,lAS=l, and 2- T = 0,1 for all allowed p to d excitations.

CONCLUSION

This paper has reviewed the data on Bpin excitations observed

in pion inelastic scattering. A predominant feature of this
procces is the selectivity with which high-spin unnatural-parity
states are excited. Constant-q excitation functions have provun
valuable in identifying un~atural-parity atate~ because of thL’
unfque signature of ~s-1 transitions. It has recently bc’(’n
shown that nngular distributions measured for transitions to
natural-parity statea are quite different for AS = O and AS - 1

transitions. Pion scattering shGuld continue to prove useful in
@tudyinfi the spin structure of nuclenr transitions becuusc cf tht’
scnsttiv{ty of both excitation functions and ~]ng~ili~r dl~trIbutlons

to thu qpin cr~nsfcrrcd to the nucleus. ln partlcllllir, plnn
scnttcring m~nsurem!:’nt~ mny bls hulpfu] In ~enrch[’s for HI i n-mljd(’

Rlant resonances.
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